Induction or ectopic overexpression of HO-1 (haem oxygenase 1) protects against a wide variety of disorders. These protective effects have been variably ascribed to generation of carbon monoxide (released during cleavage of the alpha-methene bridge of haem) and/or to production of the antioxidant bilirubin. We investigated HO-1-overexpressing A549 cells and find that, as expected, HO-1-overexpressing cells are resistant to killing by hydrogen peroxide. Surprisingly, these cells have approximately twice the normal amount of intracellular iron which usually tends to amplify oxidant killing. However, HO-1-overexpressing cells contain only ∼25 % as much 'loose' (probably redox active) iron. Indeed, inhibition of ferritin synthesis [via siRNA (small interfering RNA) directed at the ferritin heavy chain] sensitizes the HO-1-overexpressing cells to peroxide killing. It appears that HO-1 overexpression leads to enhanced destruction of haem, consequent 2-3-fold induction of ferritin, and compensatory increases in transferrin receptor expression and haem synthesis. However, there is no functional haem deficiency because cellular oxygen consumption and catalase activity are similar in both cell types. We conclude that, at least in many cases, the cytoprotective effects of HO-1 induction or forced overexpression may derive from elevated expression of ferritin and consequent reduction of redox active 'loose' iron.
INTRODUCTION
Increased activity of the inducible form of HO (haem oxygenase)-1 has been reported to protect cells and organisms against a broad variety of insults ranging from ischaemia/reperfusion to graft rejection (reviewed in [1] ). The importance of HO-1 in protection against haem itself is clearly demonstrated by the investigations of Kovtunovych et al. [2] who showed that erythrophagocytosis by macrophages from HO-1 − / − mice led to the death of these cells. However, despite years of investigation, the mechanisms underlying the other cytoprotective effects of HO-1 remain unclear. One popular explanation is that HO-mediated cleavage of the alpha-methene bridge of haem releases CO and the latter is responsible for cytoprotective effects. Support for this has come from cell and whole animal experiments wherein exposure to CO (in rather high concentrations, typically 250 p.p.m.) mimics the protective effect of HO induction (e.g. [3] ).
There are, however, problems with the logic of this explanation. First, CO is a diffusible gas, unlikely to remain at the site of its generation for very long. Secondly, most cells have very little free haem, raising the question of whether the amounts of CO which would be generated could approach the large amounts of administered CO said to have similar cytoprotective effects. It should be pointed out that 250 p.p.m. CO is about half of the concentration that almost killed John Haldane [4] (see 'Experiments VII and VIII') and, in humans, will convert about 20 % of circulating haemoglobin into CO haemoglobin.
A second possible explanation involves another product of haem catabolism, bilirubin, shown in some circumstances to be an effective antioxidant [5] . However, the same questions regarding the amount of substrate available and diffusibility of product also plague this explanation.
These considerations suggested to us that the third product of HO-1 activity, the iron released following haem cleavage, might somehow be involved in HO-mediated protection of cells against at least some kinds of insults. Intracellular redox active iron, primarily intralysosomal, is a major determinant of cellular susceptibility to oxidant killing [6, 7] and changes in intracellular iron homoeostasis might be an alternative explanation for HOmediated cytoprotection.
EXPERIMENTAL

Reagents
Unless otherwise specified, reagents were purchased from SigmaAldrich. The anti-FTH1 (ferritin, heavy polypeptide 1) antibody RabMAb ® was from Epitomics. Protease Inhibitor Cocktail Set V, EDTA-free was from Calbiochem. FTH1 and HO-1 siRNA (small interfering RNA) was purchased from Applied Biosystems. Alamar Blue was from Invitrogen. 5-ALA (aminolevulenic acid) HCl [4-14C] (55 mCi/mmol) was obtained from American Radiolabeled Chemicals. Anti-{human CD71 [Tfr (transferrin receptor)]} antibody was from eBioscience. 4-Hydroxynonenal was purchased from Santa Cruz Biotechnology. The anti-HO-1 antibody RabMAb ® was from Epitomics. Anti-HO-2 antibody (rabbit polyclonal) was purchased from BioVision.
Cell culture
We used A549 cells (human lung adenocarcinoma), one line containing only a neomycin resistance cassette (hereafter called the wild-type) and a line stably transfected with rat HO-1 cDNA and a neomycin resistance cassette [8] . The cells were grown in T75 flasks in Ham's F12 medium (Gibco) supplemented with 10 % FBS (fetal bovine serum), 50 μg/ml gentamicin and 100 μg/ml G418 in a humidified incubator with 5 % CO 2 at Abbreviations used: ALA, aminolevulenic acid; CCCP, carbonyl cyanide m-chlorophenyl hydrazine; FBS, fetal bovine serum; FTH1, ferritin, heavy polypeptide 1; HEK, human embryonic kidney; HO, haem oxygenase; IRP, iron regulatory protein; siRNA, small interferring RNA; Tfr, transferrin receptor. 1 To whom correspondence should be addressed (email eatonredox@aol.com).
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• C. We should note that, as previously reported [8] , the HO-1-overexpressing cells had a slower growth rate compared with the wild-type cells. The cells were split every other day by resuspension in fresh medium and inoculated at 1.0 × 10 6 into new T-75 flasks.
HO-1 activity
HO-1 activity was measured on isolated microsomes from wildtype and HO-1-overexpressing cells using a slight modification of the protocol described by Zhang et al. [9] . HO-1 activity is expressed as nmol of bilirubin produced per mg of protein.
Oxygen consumption
Cells were grown to confluence in T-75 flasks, washed with PBS, detached with 0.05 % trypsin/EDTA and suspended in complete culture medium. The cell suspension was centrifuged at 1000 g for 5 min at 25
• C, the medium was aspirated and cells were resuspended in 1 ml of complete medium. Respiration rates were measured using 1.0 × 10 6 cells, with or without the uncoupler CCCP (carbonyl cyanide m-chlorophenyl hydrazone), using a Mitocell meter (Strathkelvin Instruments).
H 2 O 2 -induced cell death
Cells were plated in 48-well plates at 5.0 × 10 4 cells per well and grown to 90% confluence. The cells were then exposed to fresh culture medium containing the indicated amounts of H 2 O 2 for 2 h following which the cells were again placed in phenol-free normal culture medium and incubated for 14 h. Cell viability was assessed using Alamar Blue reduction according to the manufacturer's instructions using a Spectramax Gemini microplate reader.
4-Hydroxynonenal-induced cell death
As an alternative cytotoxin to H 2 O 2 , we also exposed the A549 lines to the cytotoxic aldehyde 4-hydroxynonenal. For this, cells were plated in 12-well plates at 1.0 × 10 5 cells per well and grown overnight. The next day, the cells were exposed to fresh culture medium containing various amounts of 4-hydroxynonenal for 24 h. Cell viability was assessed as described above.
Clonogenic analyses of cell death
To ensure results obtained using Alamar Blue reduction were truly indicative of cell viability, we also used a clonogenic assay of cell death. For this, cells were plated on 48-well plates at 5.0 × 10 4 cells per well and grown to 90 % confluence. The cells were then exposed to 500 μM H 2 O 2 for 2 h following which the cells were again placed in normal culture medium and incubated for a further 14 h. The cells were then detached with 0.05 % trypsin and pelleted. Following resuspension in normal culture medium, 5000 cells were plated in six-well plates. After 10 days in culture, the cells were fixed with 4 % paraformaldehyde for 20 min and stained with 0.1 % Crystal Violet for 30 min. Viable colonies were enumerated microscopically.
Measurement of bound and 'loose' iron
For these experiments, cells were grown in 15-cm plates. When cells had attained confluence they were washed once with Chelex pre-treated PBS, removed from the plates by gentle scraping and transferred into 15-ml tubes. Samples were centrifuged at 4000 g for 5 min at 25
• C, supernatants were aspirated and 500 μl of icecold 10 % perchloric acid was added. Following transfer of the samples into 1.5-ml tubes for a 30 min incubation on ice, the samples were centrifuged for 5 min at 12 000 g at 4
• C and the supernatant was assayed for 'loose' iron. Three hundred μl of 50% nitric acid was added to the pellets and incubated at 60
• C overnight for measurements of bound iron. These samples were neutralized with 10 M NaOH. Both fractions were assayed for iron using ferene S as described previously [10] .
Detection of FTH1 and HO-1 by Western blotting
A549 cells were detached and lysed with 50 mM Tris, 150 mM NaCl, 10 % glycerol, 0.05 % Triton X-100 and 1 mM EDTA. Protein (10 μg) was loaded on to a 4-15 % Tris/HCl SDS gradient gel. The gel was probed with a rabbit anti-(human heavy chain) antibody or anti-HO-1 antibody diluted 1:1000 in 3 % non-fat milk overnight at 4
• C. The gels were developed with a goat antirabbit secondary antibody in TBST (Tris-buffered saline with 0.05 % Tween 20) for 1 h. β-Actin was used as a loading control.
FTH1 siRNA transfection
HO-1-overexpressing cells were cultured on six-well plates (8 × 10 4 /well) and grown for 12 h under standard culture conditions. Transfection with FTH1 siRNA was done in Opti-MEM ® medium (Invitrogen) for 48 h. The medium was then replaced with phenol-free normal culture medium and cell death caused by 500 μM H 2 O 2 was measured as described above. Changes in ferritin H chain expression were determined by Western blotting.
HO-1 siRNA transfection
To ensure that the observed cytoprotective effects of HO-1 overexpression were due to HO-1 itself, HO-1-overexpressing cells were cultured on 12-well plates (4 × 10 4 /well) and grown overnight under standard culture conditions. Transfection with HO-1 siRNA was done in Opti-MEM ® medium for 24 h. The medium was then replaced with phenol-free normal culture medium and cell death caused by 500 μM H 2 O 2 was measured using Alamar Blue reduction as described above. Changes in HO-1 expression were determined by Western blotting.
FTH1 cDNA expression
Wild-type A549 cells were cultured on six-well plates (8 × 10 4 cells/well) and grown 12 h under standard culture conditions. The pCMV6-XL5 empty vector or the vector containing human FTH1 cDNA (OriGene) were transfected into A549 cells for 48 h. The medium was then replaced with phenolfree normal culture medium and cell death caused by 500 μM H 2 O 2 was measured as described above. Changes in FTH1 expression were determined by Western blotting.
ALA (C-14) incorporation into haem
Wild type and HO-1-overexpressing A549 cells were grown in six-well plates. When the cells were 60-70 % confluent, 0.2 mCi of [ 14 C]ALA was added and cells were incubated for 2 h. Haem was isolated by direct addition of 2 ml of acetone/HCl/H 2 O (4:1:3) to each well. This was repeated and extracts were pooled.
Haem was extracted using 5 ml ether and 2 ml of 2 M HCl. After vigorous vortex mixing and settling, the upper (ether) layer was removed. Ether was then evaporated (water bath, 45
• C) and 14 C incorporation into haem was measured by scintillation counting.
Tfr detection
Wild-type and HO-1-overexpressing A549 cells were grown to confluence under normal culture conditions and lifted using 0.05 % trypsin/EDTA. Cells (1 × 10 5 ) of each type were washed with 2 ml of staining buffer (1 × PBS + 2 % FBS), by centrifuging at 394 g for 5 min twice at 25
• C. The cell pellet was re-suspended in 50 μl of staining buffer. 0.06 μg of anti-(human CD71) (Tfr) antibody was added and the samples were incubated on ice for 30 min in the dark. The samples were washed twice with 2 ml of staining buffer by centrifugation at 394 g for 5 min at 25
• C each. The cell pellet was resuspended in 500 μl of staining buffer and flow cytometry was done immediately.
Catalase activity
Wild-type and HO-1-overexpressing A549 cells were grown to confluence in T75 flasks. The cells were washed once with PBS, lysed with 50 mM Tris, 150 mM NaCl, 10 % glycerol, 0.05 % Triton X-100, 1 mM EDTA, 1 μM DTT (dithiothreotol) and 1× protease inhibitor cocktail set V. The lysates were placed in 1.5 ml microcentrifuge tubes and centrifuged for 5000 g at 4
• C for 5 min and the supernatants were transferred into a microcentrifuge tube. H 2 O 2 (30 %) was diluted in 0.05 M phosphate buffer, pH 7.0, to a final concentration 30 mM. Total cell lysate (100 μg) was added to 1 ml of this solution and the change in absorbance was followed spectrophotometrically at 240 nm for 2 min (starting absorbance between 1.150-1.200) [11] .
RESULTS
HO-1 overexpression protects against oxidant challenge
We first checked the relative levels of expression of HO in both cell lines and found that the HO-1-overexpressing cells had much higher activity (21.57 + − 1.94 nmol per mg of protein/h; n = 5) compared with the wild-type cells (3.41 + − 0.311 nmol per mg protein/h; n = 5). We then compared the susceptibility of the wildtype and HO-1-overexpressing A549 non-small cell lung cancer cells to killing by H 2 O 2 . As might be expected from previous reports, the HO-1-overexpressing cells were significantly less susceptible to oxidant-induced cell death (Figure 1 ). To ensure that these results (obtained by measuring Alamar Blue reduction) were not due to ancillary metabolic effects of HO-1 overexpression, we also measured clonogenic survival following exposure to 500 μM 
HO-1 overexpression leads to increased cellular iron, but decreased 'loose' iron
Prior work by others and ourselves (reviewed in [6] ) indicated that the cellular content of redox active iron within the lysosomal compartment is probably a main determinant of the susceptibility of cells to oxidant killing. We therefore measured the iron content of the two cell types and found, surprisingly, that HO-1-overexpressing cells had more than twice as much intracellular iron (Figure 2 ). However, further analyses aimed at determining the state of this excess iron revealed that, whereas total iron content was clearly elevated, the amount of 'loose' iron (in this case defined as intracellular iron released by addition of cold perchloric acid as described previously [12] ) was significantly lower in HO-1-overexpressing cells (Figure 2 ).
Figure 3 Overexpression of HO-1 leads to increased intracellular ferritin
Wild-type (Neo) and HO-1-overexpressing (HO-1) cells were grown under normal conditions, detached with lysis buffer and analysed by Western blotting using an antibody against FTH1 as described in the Experimental section. Results are means + − S.E.M. of digitized scans from three independent experiments. Statistical analysis was performed using an unpaired Student's t test; *P 0.01.
Enhanced ferritin synthesis in HO-1-overexpressing cells explains cytoprotection against oxidant challenge
These observations implied that increased activity of HO-1 might lead to enhanced intracellular release of haem-derived iron which, in turn, might cause the induction of ferritin synthesis (especially ferritin H chain). Indeed, we found that the levels of ferritin H chain in HO-1-overexpressing cells were substantially higher than in the wild-type cells (Figure 3 ). Because we earlier found that increases in ferritin were associated with protection against oxidant challenge [12] , this suggested that the protective effects of HO-1 activity might, at least in some cases, be due to increased intracellular ferritin. In support of the involvement of ferritin induction in HO-1-mediated cytoprotection, we found that HO-1-overexpressing cells transiently transfected with anti-FTH1 siRNA were no longer resistant to peroxide challenge (Figure 4) .
Conversely, wild-type cells (containing only the neomycin cassette) in which the ferritin H chain was overexpressed by transient transfection with a FTH1 plasmid exhibited the same cytoprotection against oxidant challenge as did HO-1-overexpressing cells ( Figure 5 ).
HO-1 overexpression is associated with up-regulation of Tfr and haem synthesis
In an effort to understand further the mechanism responsible for the greatly increased total intracellular iron following HO-1 overexpression, we determined the Tfr status of the two cell types. As might be expected, Tfr levels were substantially higher in the HO-1-overexpressing cells (Figure 6 ), despite the fact that, as mentioned above, these cells grow more slowly than the wildtype cells.
The above results suggested that HO-1 overexpression might lead to a futile cycle wherein, following synthesis within mitochondria, haem was preferentially destroyed in HO-1-overexpressing cells, leading to the need for increased iron import and haem synthesis. Indeed, when growing A549 cells were incubated with 14 C-labelled ALA (a porphyrin precursor), cells overexpressing HO-1 were found to incorporate disproportionate amounts of 14 C ALA into haem ( Figure 7) . Nonetheless, overall haem availability in both types of cells appeared to be similar as indicated by the finding that oxygen consumption (both resting and uncoupled) was similar in both cell types (Figure 8) . Furthermore, both cell types had equal activity of the haem-dependent enzyme catalase (12.03 + − 2.29 compared HO-1-overexpressing cells were transfected with FTH1 or scrambled siRNA for 48 h, then the transfection medium was removed, changed to fresh medium and exposed to 500 μM H 2 O 2 . Viability was assessed using Alamar Blue reduction. Results are means + − S.E.M. for four independent experiments. Statistical analysis was performed using an unpaired Student's t test; *P 0.01, H 2 O 2 exposed compared with untreated cells.
Figure 5 Overexpression of ferritin H chain in wild-type cells protects against oxidant-induced cytotoxicity
Wild-type cells were transiently transfected with plasmids encoding FTH-1 or vector alone and challenged 24 h later with 500 μM H 2 O 2 . Results are means + − S.E.M. for four independent experiments. Statistical analysis was performed using an unpaired Student's t test; *P < 0.01 compared with ferritin-overexpressing cells.
with 12.2 + − 2.27 units/mg protein for wild-type and HO-1-overexpressing cells respectively; n = 18 in both cases). This suggests that, despite elevated activity of HO-1, the HO-1-overexpressing cells were able to compensate for the increased catabolism of haem by increased iron import and haem synthesis. Results are means + − S.E.M. for three independent experiments. *P < 0.01 compared with the wild-type cells determined using an unpaired Student's t test.
Figure 7 Increased incorporation of ALA into haem in HO-1-overexpressing cells
Following incubation with 14C-labelled ALA, 14C-labelled haem was isolated and quantified by scintillation counting as described in the Materials and methods section. Results are means + − S.E.M. for 6 independent experiments. Statistical analysis was performed using an unpaired Student's t test; *P 0.01.
DISCUSSION
Many, if not most, of the reported cytoprotective effects of HO-1 expression involve apparent resistance to oxidant challenge and inflammation (reviewed in [1] ). Our results suggest a possible unifying explanation for the otherwise puzzling range of conditions in which HO-1 or its overexpression exerts protective effects: change in intracellular iron homoeostasis.
A specific sequence of events might be involved in protection, specifically against oxidant challenge, afforded by HO-1 induction/overexpression. First, increased HO-1 activity leads to accelerated catabolism of intracellular haem, perhaps immediately following synthesis within the mitochondria. This, in turn, triggers increased Tfr expression, enhanced iron import Results are means + − S.E.M. for 6 independent experiments. Statistical analysis was performed using an unpaired Student's t test; *P 0.01 CCCP treated compared with untreated cells.
and increased haem synthesis. Accelerated haem catabolism leads to enhanced generation of free intracellular iron. This triggers increased synthesis of ferritin, probably most importantly ferritin H chain. Increased amounts of ferritin have been repeatedly shown to protect cells against oxidant challenge and it appears that ferritin synthesis following an acute iron challenge may be above that required to store the excess iron [13] [14] [15] [16] [17] . This would help explain the surprising decrease in 'loose' iron as well as the cytoprotective effects. In further support of this interpretation, Kurz et al. [7] have recently shown that autophagy of apoferritin by J774 cells also protects against oxidant challenge. This presumably arises from ferritin uptake into the normally iron-rich lysosomal compartment. The resulting decrease in 'loose' intralysosomal iron greatly decreases oxidant-induced lysosomal rupture and apoptotic cell death [7, 18] .
Simultaneous up-regulation of both Tfr and ferritin is somewhat unusual. Under most conditions, the synthesis of these two proteins responds to iron deficiency (increased Tfr/decreased ferritin) or iron excess (decreased Tfr/increased ferritin) in a yin/yang fashion. These responses reflect changes in the association of iron-response proteins IRP (iron regulatory protein) 1 and IRP2 with iron-response elements present in various mRNAs. To further complicate the situation, the activities of these IRPs is also governed by FBXL5 (F-box and leucine-rich repeat protein 5) which contains an Fe-O-Fe haemrythrin domain and is also responsive to fluctuations in the cellular iron balance [21, 22] . Increased Tfr expression can be linked to respiratory dysfunction, yet we found no significant difference in respiration caused by HO-1 overexpression. Ferritin synthesis is typically increased by enhanced iron availability, yet we found decreased 'loose' iron in the HO-1-overexpressing cells. We do not know whether these unusual results might stem from the transformed status of the A549 cells (e.g. cyclin-dependent kinase 1 can phosphorylate IRP2 and thereby derepress ferritin mRNA translation [23] ).
We should note that our results are somewhat at odds with those reported by Sheftel et al. [19] . This group reported that, in another cell type (RAW 264.7), induction of HO-1 by sodium arsenite or forced overexpression of HO-1 did not increase synthesis of ferritin (whereas exposure of the cells to haemin did cause both HO-1 induction and ferritin synthesis). We cannot explain these disparate results, but they may be due to the use of different types of cells or other experimental conditions.
Our results also differ from those of Ferris et al. [20] who reported that overexpression of HO-1 in primary murine fibroblasts lessened the uptake of 55 Fe and enhanced its subsequent release. These authors interpreted the results to suggest that cytoprotective effects of HO overexpression might be explained by reducing the levels of intracellular redox active iron (which were not directly measured). Once again, the importance of cell type and other experimental conditions is not known.
On the other hand, our results agree partly with those of Suttner and Dennery [24] . These investigators found no evidence for cytoprotective effects of CO (using cyclic GMP as a surrogate measure) or bilirubin. Neither parameter was significantly affected following HO-1 overexpression. However, they also concluded that HO-1 overexpression led to increases in 'reactive iron'. These results may be suspect inasmuch as they employed the bleomycin/DNA assay for reactive iron using crude cell lysates and it appears that no agents were added to the assay to block protease activity (which could conceivably release ferritin iron over the course of 1 h incubation).
Finally, in a paper published following the submission of the present paper, Li et al. [25] reported that HO-1 overexpression led to alterations in iron homoeostasis in HEK (human embryonic kidney)-293 cells. Although some of their results agree with the present study, there are two striking differences. First, HO-1 overexpressing cells showed a decrease in Tfr expression and secondly, total 'labile' iron was unaltered. The second observation may be due to the unusual iron export capacity of HEK-293 cells. These cells (which are likely to be of neuronal origin) export excess free iron through a system involving amyloid precursor protein and ferroportin [26] , which may explain the lack of labile iron in their studies.
Regardless, our observations raise the question of whether HO-1-dependent changes in intracellular iron homoeostasis might help explain the myriad protective effects ascribed to HO-1 induction. Indeed, in an excellent review by Soares and Bach [1] , of the ten conditions in which HO-1 expression was reported to be protective (ranging from sepsis to xenograft rejection to atherosclerosis), most, if not all, involve the generation of reactive oxygen species.
Elsewhere [27] we have argued that, compared with effective control of intracellular redox active iron, other mechanisms of cellular oxidant defence are of relatively minor importance. Assuming this to be the case, then the lower levels of redox active 'loose' iron in HO-1-overexpressing cells would seem to provide a mechanism for some, if not most, of the protective effects of increased HO-1 activity.
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